Helminth ova (HO) are the main biological concern when reusing sludge for agricultural production.
INTRODUCTION
Helminth infection is a major public health concern in developing countries, especially in tropical and subtropical regions of Africa, Asia, Central and South America. The combination of poverty, malnutrition, socio-cultural habits and climate, results in increased transmission. The most important soil-transmitted helminth infections are Ascariasis and Trichuriasis, while the most important water-based helminth infection is Schistosomiasis. These diseases together infect over 2.6 billion people around the world, inflicting health injuries ranging from simple allergic reactions to severe life-threatening health conditions (WHO 1990) . results of a dose response-curve "because methodologies had not been developed sufficiently enough to make such calculations" (U.S. EPA 1995; WHO 2006) . In fact, of the three different methods used to evaluate microbial risks, microbiology laboratory analysis, epidemiological studies and QMRA, only the first two have been applied to helminth data (Tellez et al. 1997; Howard et al. 2002; Berhe et al. 2004) . In contrast, a number of human doseresponse relationships have been developed for bacteria, viruses, and protozoa Rose et al. 1991; Haas et al. 1993 Haas et al. , 1996 Haas et al. , 1999b Crockett et al. 1996; Medema et al. 1996; Teunis et al. 1999) . From a literature survey, it seems that human dose-response relationships for Ascaris or Taenia (types of helminth) have not been developed yet (NRC 2002) . Therefore, a first step in addressing this gap is to provide a risk-based analysis for helminth ova, as has been done for standards and guidelines for other human pathogens.
Quantitative microbial risk assessment (QMRA) is emerging as a useful tool for developing standards for human exposure to pathogens (Haas 2002) . QMRA has shown its effectiveness in assessing the transmission of water and food-borne infections. The best probabilistic estimates have been obtained using epidemiologic data from actual outbreak studies conducted mostly in developed countries. As an example, Rose et al. (1991 ), Teunis et al. (1999 have developed infection models for Salmonella, Giardia and Cryptosporidium. When applying QMRA, the first step is to define the best distribution model fitting observed infection rates as a function of pathogen exposure doses. The most commonly used models are the exponential and the Beta-Poisson, although others can also be used. QMRA, like any risk assessment, has uncertainties that need to be considered, and when possible, quantified. Major sources of uncertainty involve hygiene-related behaviour and consumption patterns (i.e., water or food) for a targeted population and the actual pathogen doses under consideration.
Considering QMRA has not been applied to assess helminth risks through exposure to fecally polluted water, sludge or soil, and the lack of dose-infection curve, the aim of this research is to make a contribution to fill this gap.
Thus, the objective of this research was to build up a riskbased model for Ascaris lumbricoides (A. lumbricoides) infection designed for untreated wastewater exposure (i.e., land crop irrigation), and apply this model to assess human risks associated with helminth (A. lumbricoides) exposure from crops grown in biosolid-enriched soil.
For the development of the A. lumbricoides infection dose-response relationship, exposure scenarios were selected based on actual exposure conditions observed in the Mezquital Valley, Mexico, a site where for 100 years flooding using untreated wastewater has been standard irrigation practice for approximately 90,000 ha. Ascaris ova were selected because they are considered an indicator of the presence of other helminth ova due to their high environmental resistance (Feachem et al. 1983) . Concerning the exposure pathway in assessment of human risk from crops grown in biosolid-enriched soil, the consumption of two types of crops, raw spinach and carrots, was considered based on the available data.
METHODOLOGY
This research used results obtained from three previous studies. The first was an epidemiological study which establishes the prevalence of A. lumbricoides in the Mezquital Valley, Mexico (Cifuentes et al. 1991 (Cifuentes et al. , 1993 Blumenthal et al. 1996) . The second source of data was a wastewater quality study assessing the A. lumbricoides content in the wastewater used to irrigate the valley (Jimenez et al. 1992) . And the third study consisted of experimental research relating the A. lumbricoides content in crops grown in biosolid-enriched soil .
Dose -response assessment
The dose-response model was developed using epidemiological data on A. lumbricoides infection rates from the Mezquital Valley, Mexico (Cifuentes et al. 1991 (Cifuentes et al. , 1993 Blumenthal et al. 1996) as well as the water quality data of the wastewater used for crop irrigation in the valley. Two scenarios were considered in order to obtain the best doseresponse model for A. lumbricoides: the consumption of uncooked vegetables irrigated with untreated wastewater and the accidental ingestion of soil from land irrigated with wastewater.
For the development of the dose-response relationship, the fitness of data for the exponential and Beta-Poisson models was analyzed considering the following equations (Haas et al. 1999a To define the best-fit dose-response relationship for A.
lumbricoides infection, the chi-squared goodness of fit test was applied, and the following assumptions were made to estimate the exposure doses for crops and soil ingestion scenarios.
Epidemiological data and target population
The epidemiological data developed by Cifuentes et al. et al. (1991) found that the groups at higher risk were children under 15 for all sites, with a high annual A.
lumbricoides prevalence rate of 10-17% exposed to untreated wastewater used for irrigation, and derived from a large population sample. Therefore, children under 5 and between 5 and 15 years old were selected as representing the target population in developing the dose response model (Table 1 ). In fact, these two groups represent the most vulnerable population in a region where ascariasis is an endemic infection.
The population groups selected by Cifuentes et al. (1991) correspond to different exposure sites (communities) due to the change in helminth ova content in wastewater as it flows through the valley as a consequence of sedimentation in reservoirs. The sites selected in that study were identified as: (a) raw wastewater, (b) the Endho reservoir, and (c) the Rojo Gomez reservoir. Considering the objectives of this research, we selected infection rates for groups of children under 15, exposed to raw wastewater during the rainy and dry seasons as well as the rates found for Rojo Gomez reservoir where it is partially treated after its passage through two reservoirs ( Table 1) . As a consequence, the selected data enabled us to assess the most vulnerable population based on different infection rates associated with different exposure levels as a result of differences in the Ascaris content of the wastewater used to irrigate in the region.
Ascaris lumbricoides content in crops and soil
Data on the A. lumbricoides content and viability in wastewater developed by Jimenez et al. (1992) lumbricoides/5 L with 52 -93% viability (Figure 1 ). Therefore, different exposure levels to wastewater of varying quality were considered instead of using only the mean Ascaris content, as is frequently done when estimating the dose-response curve.
To estimate the content of A. lumbricoides in crops, the variable pathogen content in the irrigation water (see Figure 1 ) was considered and it was assumed that 10 ml of wastewater remains in 100 g of produce (Shuval et al. 1997 ). 
This assumption implied that the

Crops and soil ingestion rates
Population from the Mezquital Valley consumes some crops cultivated using untreated wastewater of varying degrees of quality. Because of lack of data on type of crops and the amount of produce consumed, a consumption of 100 g of raw crops per week per child during one year was assumed.
For the child accidental soil ingestion scenario, a mean ingestion rate of 100 mg/d was used following U.S. EPA recommendation (1997), and it was assumed an exposure frequency of two times per week during one year for both groups, children under 5 and children older than 5 and younger than 15 years.
Quantitative risk estimate
Results from an experimental study performed to measure the total amount of helminth ova content, including the A. lumbricoides percentage in carrots and spinach grown in soil fertilized with biosolids were used for the QMRA.
A detailed description of the data was published elsewhere . In that study, the helminth ova ( (Tables 2 and 3) . † An A. lumbricoides content measured as 90% of the total helminth ova (HO/g) content in carrots (C carrot ) (Table 2 ) and in spinach (C spinach ) ( (Table 4) . † Child consumption of raw crops once a week. † A 1 (WHO 2006) and a 2 log (as a best case scenario) A.
lumbricoides reduction due to crop washing. Ccarrot is the A. lumbricoides content in carrots after harvesting. than the tabulated chi-squared value x 2 at k-j degrees of freedom (k is the number of doses, 24 in this study, and j the number of parameters in the model-one for the exponential and two for the Beta-Poisson), then the fit is considered acceptable (Haas et al. 2000) . Tables 5 and 6 show the parameters obtained for both dose -response models. From theses tables, it can be observed that the fit to the exponential dose-response model fails a goodness of fit test to data (Y min . x 2 ) for both exposure pathways (Table   5 ), while the fit to the Beta-Poisson relationship is acceptable (Table 6 ).
For the accidental soil ingestion scenario, the BetaPoisson model required an extremely low b parameter (0.044) to adjust to the data (Table 6) annual consumption of crops once-a-week, are shown in Table 7 and Figure 3 .
Therefore, the probability of infection due to the ingestion of carrots and spinach grown on biosolid-amended soil and eaten raw was based on the following model developed (Equation (4)).
Risk estimate for carrots and spinach eaten raw
The risk calculations associated with a single week of exposure to carrots and spinach eaten raw, estimated with the Beta-Poisson model developed (Equation (4)), are shown in Tables 8 to 11 . Based on these estimates, the expected risk of A. lumbricoides infection has been determined where spinach carries a higher risk than carrots IRcarrot ¼ carrot consumption rates used for QMRA. ( Figure 4 ). The risk assessment of consuming uncooked carrots grown on biosolid-amended soil is in the range of 6 £ 10 22 to 9 £ 10 25 per week, while in the case of spinach it is in the range of 2 £ 10 21 to 1.8 £ 10 23 , considering 2 ova log reductions due to produce washing.
The difference in the risk of infection is expected because the A. lumbricoides content in spinach after harvesting was greater by one order of magnitude, compared with carrots for equivalent initial helminth ova content in biosolids (Tables 2 & 3) , but using different application rates due to nutrient requirements. This shows that infection risks depend on both the application rate and the type of crop and not only on the helminth ova content in sludge.
Additionally, the type of vegetable (root and non-root crops) is more important to infection risk than the sludge rate itself, because the probability of infection from spinach eaten raw is one or two orders of magnitude greater than that caused by the ingestion of carrots.
Risk estimate for U.S. EPA and WHO criteria
For the study region (the Mezquital Valley) the model showed that if the U.S. EPA standard or the WHO criteria (0.25 and 1 HO/gTS, respectively) were applied, the overall risk of infection could be greater than 10 24 and the A.
lumbricoides infection rate for carrots eaten raw would be 0.009 to 0.23% (see Table 8 ), while the rate would be 0.18 to 5.0% for spinach (Table 9 ) for the ingestion rates assumed, and if the washing procedure is enhanced to remove 2 ova log. These rates are considerably lower than those actually observed (10 -17%).
Risk estimate for affordable treatment in developing countries
The prediction of A. lumbricoides infection may be greater than 10 23 if the minimum (4 HO/gTS) and maximum (37 HO/gTS) content of HO expected in affordable sludge treatment in developing countries were used. The A.
lumbricoides infection rate for carrots eaten raw varied from 0.14 to 6% (Table 10 ) and for spinach from 2.4 to 20% (Table 11) , if the washing procedure is enhanced to remove IRcarrot ¼ carrot consumption rates used for QMRA. 2 ova log, which is considered viable from unpublished results.
When the application of a sludge with 4 HO/gTS was considered (Table 10) , the model showed that the infection risk rate was around 0.9% for carrots and 12%
for spinach, for the maximum crop consumption rate
. This situation, although not ideal, would improve local health conditions. Produce washing also had an important effect on the infection risk rate. For instance, the carrot infection rate with 4 HO/gTS in sludge is 6% if washing is performed in such a way that only 1 ova log is removed, but it can be reduced to 0.9% if the washing procedure is enhanced to remove 2 ova log.
The infection risk observed with 37 HO/gTS in sludge is notably higher than the cases analyzed; it varied from an acceptable 1% up to 36% (Table 11 ). As observed in previous cases, the health risk is highly dependent on the consumption rate and the efficiency of washing procedure.
If the mean consumption rate is considered representative 
DISCUSSION Confidence on dose -response model for Ascaris lumbricoides infection
The U.S. EPA and WHO guidelines for helminth ova were not developed using a risk-based framework, nor were they intended to be. The lack of a risk-assessment approach means that there is no explicit delineation of acceptable helminth ova risk concentration for biosolids. Moreover, the use of below detection criteria in some defined amount of biosolids, ,1 HO/4gTS for EPA and , 1 HO/gTS for WHO guidelines might be unnecessarily stringent, as has been suggested in the case of reuse of wastewater for agricultural purposes (Blumenthal et al. 2000) . Therefore, a risk-assessment approach may provide numerical limits to achieve a defined threshold for human health protection, among other control measures.
In the absence of a dose-response relationship for Variability in consumption behaviour is known to be relevant in QMRA used in wastewater irrigation scenarios (Hamilton et al. 2006) . The selection of some vegetable consumption rates (Table 4) Regarding the assumption made in the mean range of produce quantities consumed by children per eating event of 28 -38 g for carrots and 30-54 g for spinach taken from U.S. data available (U.S. EPA 1997 (U.S. EPA , 2002 , we think these estimates may be appropriate for the Mexican case analyzed herein since these were considered as within the range of possible weekly consumption amounts expected for a rural area. Therefore, there is more confidence on the predicted infections obtained from these consumption rates.
However, it should be highlighted that health risks associated with spinach consumption were based on consumption rates for lettuce due to the lack of spinach consumption data, which in turn added uncertainty to risk estimates.
Besides Finally, to improve overall QMRA conducted for bisolids reuse in agriculture, it is necessary to obtain ascariasis epidemiological information, which correlates attack rates of infectivity with measurements of A. lumbricoides content in vegetables eaten raw, and have been grown on biosolid-amended soil. These considerations will provide more confidence on dose-response relationship for A. lumbricoides. There is no doubt that a sensitivity analysis needs to be achieved for the biosolids model in order to identify parameters contribution to infection variability and uncertainty prediction, mainly for those describing consumption rates. However, any effort to gather accurate and current data on vegetable consumption rates would enhance consumption behaviour parameters.
CONCLUSIONS
The contribution made in this paper consisted of integrating epidemiological and environmental data to evaluate the risk using the QMRA approach. It shows that multidisciplinary work is needed to help decision makers define evidencebased strategies for effectively protecting human health under different circumstances. Our data indicated that it would be possible to use higher helminth ova content standards than those proposed by U.S. EPA and WHO in biosolids from developing countries without significantly increasing the risks. To improve local health conditions, it may be wiser to have achievable guidelines and fulfil them, rather than to set unaffordable standards that will never be met. Our study also pointed out that health risk is not only associated with the helminth ova content in sludge, but also with a wide variety of factors such as biosolid application rates, category of crop, produce washing and crop consumption rates. These considerations may allow policymakers to define different cost-benefit and control strategies.
Regarding the main source of concern expressed in this paper (lack of certain data) we consider that these limitations can be overcome if current measurements are made to be replaced in the developed procedure. Finally, considering that there are different helminth species, one of which is Ascaris, and that they entail different infectivity factors and illness symptoms, it is important to perform a QMRA for each species, by developing the respective doseresponse curve. A methodology similar to the one presented here could help to do this.
